recruitment of Foxp3™ regulatory T cells into tumors [63].
Moreover, MFG-E8 contributes to tumor growth, resis-
tance to cell death signals, and epithelial-mesenchymal
transition by activating phosphatidylinositol-3-kinase
(PI3K)-Aktl signals and inducing twistl [64]. MFG-E8
also promotes cancer stem cell activation in cooperation
with IL-6 by stimulating Stat3 and sonic Hedgehog path-
ways [36] (Figure 3). Consistent with its broad role in
tumorigenic signals, pharmacological blockade of MFG-
E8 improved the antitumor effects of various anticancer
agents, including cisplatin, doxorubicin, dacarbazine, the
epidermal growth factor (EGF) kinase inhibitor, and the
anti-VEGF2 receptor antagonist {65!. Thus, MFG-E8
serves as a major mediator that links immune tolerance
with tumor chemoresistance via recognition of apoptotic
tumor cells. Emerging evidence has demonstrated that
other phagocytic molecules also exert negative regulation
of tumor chemosensitivity. Mer-tyrosine kinase (MerTK)
serves as a phagocytic receptor for apoptotic cells via
recognition of Gas-6, and may promote tumorigenic activ-
ities by regulating tumor angiogenesis and migratory
activity [66,67]. In addition, the macrophage scavenger
receptor SR-A is induced at high levels on tumor-associ-
ated macrophages, which contribute to invasive and met-
astatic activities of ovarian and pancreatic cells {68]. Thus,
the innate recognition of apoptotic cells by phagocytic
receptors has an essential function in generating chemore-
sistant conditions in tumor microenvironments.

Certain subsets of chemotherapeutic agents such as
oxaliplatin, anthracycline, and methotrexate, etc., have
an intrinsic ability to trigger ICD of tumor cells {46,691

Trends in Molecular Medicine September 2013, Vol. 19, No. 9

ICD causes cell surface translocation of calreticulin (CRT)
on tumor cells. CRT serves as an ‘eat me signal’ by inter-
acting with CD91 on myeloid cells {70]. ER stress responses
caused by the hyperploid phenotype of tumor cells promote
the translocation of CRT to the cell surface, which is
correlated with tumor immunogenicity {71]. The CRT-me-
diated recognition of stressed tumor cells facilitates im-
munogenic phagocytosis by myeloid cells, leading to
efficient antigen presentation and cross-priming of cyto-
toxic T lymphocytes [72].

Interestingly, CD47 expressed on viable or stressed
tumor cells serves as a negative regulator of the CRT-
mediated ‘eat me’ signal by interacting with signal regula-
tory protein a (SIRPa) [73]. Moreover, CD47-mediated
inhibition of phagocytic pathways is responsible for the
ability of acute myeloid leukemia stem cells to evade
immunosurveillance. Pharmacological targeting of the
CD47-SIRPa interaction facilitates the digestion of hema-
tological and solid tumor stem cells by phagocytes and aids
efficient tumor eradication [74].

Together, chemotherapeutic agents trigger two modes of
cellular stress in tumor cells, each of which leads to distinct
immunogenic consequences: a few cytotoxic agents generate
ICD and mediate ‘immunogenic’ phagocytosis. This facili-
tates efficient processing and presentation of tumor rejec-
tion antigens to cytotoxic T lymphocytes through CRT-
CD19-mediated recognition systems. By contrast, most che-
motherapeutic agents have little ability to generate ER
stress-related signals and induce ICD. These agents instead
lead to ‘tolerogenic’ phagocytosis through the MFG-E8, Gas-
6, or SR-A-dependent recognition of PS on apoptotic tumor
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Figure 3. Myeloid cell derived MFG-E8 contributes to tumorigenic activities. MFG-E8, preferentially produced by tumor-associated myeloid cells, promotes tumorigenicity
and suppresses anticancer drug responses by interfering with multiple nodes of oncogenic (PI3K~Akt and Stat3) and developmental (twist1) pathways and cancer stem cell
activities (Stat3 and sonic Hedgehog). Abbreviations: MFG-E8, milk-fat globule-EGF factor VIII; PI3K, phosphatidylinositol-3-kinase; Stat, signal transducer and activator of
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cells. Thus, therapeutic manipulation of the molecular path-
ways regulating tolerogenic phagocytosis would increase
antitumor immunity upon treatment with conventional
cytotoxic drugs that do not trigger ICD (Figure 4). Alterna-
tively, each myeloid cell subset may have a distinct reper-
toire of phagocytic receptors, which determines tumorigenic
activities and immune suppression. This assumption led us
to hypothesize that MFG-E8 and Gas-6 may be preferen-
tially recognized by immunosuppressive populations includ-
ing M2-type macrophages, MDSCs, and Tie2-positive
angiogenic monocytes, whereas CRT may prefer to interact
with immunogenic M1-type macrophages and/or inflamma-
tory monocyte-derived DCs. A comprehensive analysis re-
garding phagocytosis-mediated innate immune systems in
tumor microenvironments would clarify their functional
significance in the regulation of tumorigenicity and antican-
cer drug responses.

Regulation of chemotherapy-induced stress responses
by myeloid cells: the mechanistic insight

Several types of chemotherapeutic agents have an intrinsic
capacity to trigger ICD in mutated, hyperploid tumor cells,
which coordinately programs innate immune systems to

Trends in Molecular Medicine September 2013, Vol. 19, No. 9

efficiently elicit antitumor immune responses. The induc-
tion of ICD is associated with the induction of ER stress, the
generation of reactive oxygen species (ROS) and the activa-
tion of autophagy, leading to the cell surface translocation of
CRT and the extracellular release of ATP {59,69,72]. More-
over, taxol or doxorubicin triggers mannose-6-phosphate
expression on tumor cells, by which granzyme-B can infil-
trate into tumor cells thus increasing susceptibility to che-
motherapy {75]. Consequently, the intrinsic properties of
tumor cells define the immunogenicity and immune-medi-
ated regulation of chemosensitivity.

By contrast, most cytotoxic agents, such as cisplatin,
dacarbazine, etc., do not trigger ER stress responses and
thus do not evoke immunogenic antitumor responses.
Moreover, an ICD inducer such as anthracyclin fails to
induce antitumor immunogenicity in oncogene-derived
spontaneous breast cancer models, suggesting that genetic
or epigenetic profiles other than ER stress contribute to
tumor immunogenicity {78]. In these conditions, genotoxic
insults caused by chemotherapeutic agents facilitate the
release of inflammatory mediators, which serve as drivers
of protumorigenic inflammation and thus contribute to
chemoresistance {2,45].
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Figure 4. Phagocytic pathways regulate antitumor immunity and chemotherapeutic responses. Two modes of phagocytosis-mediated innate immune pathways are
regulated by different classes of chemotherapeutic agents. (A} Some groups of cytotoxic agents, such as anthracycline, oxaliplatin, methotrexate, etc., increase
immunogenicity of dying tumor cells (immunogenic cell death, ICD) and trigger immunogenic phagocytosis through the interaction between CRT and CD91, thus
contributing to efficient processing and presentation of tumor-derived antigens to cytotoxic T lymphocytes. (B) By contrast, most chemotherapeutic agents do not induce
tumor immunogenicity and thus result in non-immunogenic cell death. This initiates tolerogenic phagocytosis through MFG-E8, Gas-6, and SR-A-dependent mechanisms,
leading to impaired antitumor immune responses. Abbreviations: CRT, calreticulin; MFG-E8, milk-fat globule-EGF factor VIlII; SIRP, signal regulatory protein; ROS, reactive

oxygen species.
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Therefore, endogenous inflammatory signals triggered
by anticancer therapies have two faces for regulating tu-
morigenic activities: they create an environment favoring
induction of antitumor immunity in some cases, whereas
they foster tumor-promoting inflammation in others. To
counteract immunogenic environments created by chemo-
therapy-induced inflammation, tumor-associated myeloid
cells may utilize multiple pathways to subvert the innate
signals (such as the TIM-3-HMGB1 interaction) {201, as
‘well as to promote tolerogenic phagocytosis (MFG-E8 and
Gas-6) {63,66]. Moreover, myeloid cells may generate pro-
tumorigenic niches by manipulating PRR-mediated path-
ways (RAGE and TLR) [49,50,56]. In this regard, tumor
microenvironments constitute a barrier system to protect
them from excess inflammation induced by anticancer ther-
apeutics through multiple pathways including antitumor
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Figure 5. Myeloid cells protect tumors from chemotherapy-mediated excess
inflammation. Tumor-associated myeloid cells control acute inflammation
caused by anticancer therapeutics and thus may support tumor survival and
create chemoresistant niches. Tumor-associated myeloid cells adopt muitiple
strategies to prevent excess chemotherapy-induced inflammation by manipulating
DAMP-mediated innate immune signals and inducing tolerogenic phagocytosis.
Conversely, certain types of inflammatory pathways mediated by TLR, RAGE, etc.,
remain unimpaired through compensatory machineries and serve as an output for
protumorigenic inflammation. These regulatory systems play an essential role in
controlling the intensity and quality of inflammation in tumor microenvironments,
which maintain smoldering inflammatory signals and avoid acute cellular damage
harmful to the integrity of tumor microenvironments. Abbreviations: DAMPs,
damage-associated molecular patterns; TLR, Toll-like receptor; RAGE, receptor for
advanced glycan end product; MFG-E8, milk-fat globule-EGF factor VIIl; TIM-3, T
cell immunoglobulin mucin domain protein-3.
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innate immunity. At the same time, protumorigenic inflam-
matory signals remain intact due to the compensatory path-
ways that activate innate immune signals in myeloid cells.
These regulatory systems that control the intensity and
quality of therapy-induced acute inflammation may serve
as an essential gatekeeper for avoiding overwhelming cel-
lular damage that may be harmful to the tumor microenvi-
ronment integrity and maintaining protumorigenic
smoldering inflammation (Figure 5).

Thus, targeting of negative regulators of innate immune
pathways in myeloid cells may constitute a novel strategy
to activate immune responses in coordination with acute
inflammation triggered by cytotoxic chemotherapy, thus
overcoming resistance to a broad range of ‘non-immuno-
genic’ anticancer regimens.

Concluding remarks and future perspectives
We provide an overview of myeloid cell mediated regula-
tion of anticancer therapies. Although ICD elicited by
anticancer chemotherapy contributes to endogenous anti-
tumor immunosurveillance, several negative regulatory
pathways described here blunt the innate immune systems
that can be manipulated to trigger antitumor immune
responses by ‘non-immunogenic’ anticancer agents. Fur-
ther elucidation of the role of myeloid cell derived negative
regulators would greatly advance our knowledge about
molecular linkages between myeloid cell mediated tumor-
igenicity and responses to anticancer therapeutics (Box 1).
Anticancer therapies confer selective pressure on sur-
viving tumor cells to cause new genetic mutations and
acquire drug resistance in support of the residual tumor
microenvironment {1,3,77]. In the case of chemotherapeu-
tic regimens that usually trigger ICD, genetic and epige-
netic changes in the course of treatment may lead to
mutations of genes or signal pathways related to ER
stress responses. These alterations might suppress the
extracellular release of DAMPs and ICD, causing ‘non-
immunogenic’ cell death, tolerogenic phagocytosis, and
chemoresistant tumor microenvironments. Thus, target-
ing the cell intrinsic machineries that suppress ER stress
may be required to further improve the antitumor effect of
‘immunogenic’ chemotherapeutic agents. In this regard,
the recent development of autophagy activators, which
may stimulate downstream pathways of ER stress
responses, may recover tumor immunogenicity and pre-
vent the formation of chemoresistant niches by tumor-
associated myeloid cells [78]. Further investigation is
required to determine whether certain somatic mutations
abate the ability of tumor cells to release DAMPs and if

Box 1. OQutstanding questions

e The molecular mechanisms and upstream pathways responsible
for creating protumorigenic and chemoresistant networks by
myeloid cell derived soluble factors remain largely unknown.

o How PRR-mediated recognition of DAMPs manipulates myeloid
cells to support protumorigenic inflammatory signals but repress
antitumor innate immune responses in tumor microenvironments
remains to be determined.

o How diverse sets of phagocytic receptors mediate immunogenic
or tolerogenic immunity upon encounter of apoptotic tumor cells

remains unknown.
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therapeutic manipulation of these pathways increases
immunogenicity and inflammation in tumor microenvir-
onments.

It is clear that complex networks composed of non-
transformed cells have a tremendous impact on the prog-
nosis and treatment outcomes of advanced cancer [3,69].
The identification of cellular and molecular pathways that
participate in the interaction between tumorigenic cells
and myeloid cells provides an invaluable opportunity for
therapeutic interventions that may concomitantly over-
come chemoresistant niches and translate our understand-
ing of cancer-related inflammation into meaningful
therapeutic advances.

Acknowledgments

We would like to acknowledge Dr Muhammad Baghdadi for graphical
assistance. We apologize to the authors whose work could not be cited
owing to space limitations. This study is partially supported by Grant-in-
Aids for Scientific Research and Scientific Research for Innovative Areas
from the Ministry of Education, Culture, Sports, Science, and Technology
(MEXT) and the Ministry of Health, Labor, and Welfare, the Naito
Foundation, and the Astellas Foundation for Research on Metabolic
Disorders.

References

M.B. ef «l. (2009) Environment-mediated drug anee: a

major contributor to minimal residual disease. Nat. Rev. Cancer 9,
865674

2 Grivennikov, S.L ef ol (2010; Immunity, inflammation, and cancer,

{146, 883888

in, D.W. e al. (2018) The role of tumor-gtromal interactions in

modifying drug responses: challenges and opportuniti i Rev.
Drug 1 v, 18, 217228

4 Joyes, J
metasta;
Hanahan, D. and Cou

and Pollard, J W, (2008;
Nat. Rev. Cancer 9, 27
LM,

Microenvironmental regulation of
252
{h_&; ‘XCP

. L. 2010) D
induction of & dmmsr{ bta\ inia L Cell 143,

7 Strauvssman, R ef ol (2012) Tumor micro-environment s innate

intance to RAF inhibitors through HGF seeretion, Natwre 487,

500504

8 Sun, Y.

et ol (2012) Treatment-induced damage to the tumor
microenvironment promotes  pr e cancer therapy resistance
through WNTI6R. Nai. Med. 18, 13591368
9 Qéan B.Z. and Pollard, J.W. (2010) Macrophage diversity
¥ on. and metastasis. Cell 141, 839-51
. {(2010) Macrophage plasticity and
subsets: cancer as a paradigm. Nat

enhances

18

{20131
neer therapies. Can
et al. (2010) 4
: © suppression of myeloid-d
in tumor beavers. Clin, Cancer Res. 18,
13 Germane, b gl (2013) Role of macro
antifumor activity of im}vf ctedin, Cancer C
14 Qian, BE of ol >G§ 3 CCLE recrult ii’zix( {xf:

3 of tumor

ived suppressor
84

targeting in the
3262
atm'}r monoeytes
222-228

El i"‘(?i“"aci()i"}(}: tic lineage of
1 formation and a

iden
required for

Proangiogenic mone

m chymal }}Gp\.ﬁ:.- wie progenttors. Cancer Coll 8,
211-226

16 Welford, AF
therapeuti
A4 phesphate in

17 Gabrilobich, DI 201
tumors, Ned, Rev, Enm,e 1ol

darv-disrupting ag
[ *f?;'é '§2§ )g EJ"’“

L. iZ, .£<>.> J}S

544

Trends in Molecular Medicine September 2013, Voi; 19, No. 9

18 Secarlett, UK. ef al. (23012) Ovarian cancer progression is controlled by
phenotypic changes in dendritic colls. J. Exp. Med. 208, 495 3{36

19 Consjo-Garsia ef wl. (2004} Tumord rating dene
DYECUTSors reeria sin contribute to vasculoge
under the influence

81?} Ti:m(;r infiltrating ﬁ{mc’ir tie ctfeiis suppress

t})omes through

..... 842

recruitment and di
38, 729741 )
Mundy-Bosse, Bl e (2011) Myeloid-derived suppressor cell
Cancer Reg.

erentiation of zm‘ti genwpmse\:xmg; cells, Immunity

in 3;&}%&@;&@&

and promotes tumor grow
24 Dranoff, G,

2004 C© yLo}um& m cancer pa&h{} genesis and cancer

innate immunity, iﬁﬁ«}sxsmﬁtis}r}., and cancer. «
1183
26 Lin, B.Y. et al. (2001 Colony
of mammary tumors o
27 Kubota, Y. ¢ «l
jg;aﬁ'xcﬁogi('&i angiogene

inhibition
and lymphangiogene

fargels
Med. 208,

10891102
28 DeNarde, D.G. et ol. (2011) Leukocyte complexity predicts breast

cancer  survival  and  funetionality
chemotherapy. Cancer Discou. 1, 5487
29 Karin, M. and Lin, A, (2002) NP.u«® at the crossroads of Hie and death,
Nat. Immunol. 3, 221-227
30 Balkwill, F. (2009) Tumor necrosis fa
9, 881471
31 Grivennikov, 8. ef ol (2008) 1L-6 and Statd ave requived for survival of
intestinal epithelial cells and development of colit ociated cancer.
Cancer Cell 15, 103-113
32 Shree, T. e ol (2011) Macrophages
chemotherapeutic response in breast cancer. Ger
M agoc, J «.A et o:i (20 '§2$ C;mwr v‘wm cells: impa

regulates  response  fo

setor and cancer. Nad, Rev. Cancer

m., §xsatm ogene

‘r”:{‘iqm ah}%m w“ﬁz non-shen
SeCre $. Acad. Sei, U
35 Reynaud, D ef ol (20171 IL-8 control
"GEE fate and coniributes e chrenie
& Cznwr Cell 20, 881678
et al. (2011) Tumor-associated macrophages regulate
&;}d anticancer drug respons " cancer stemy/
imc, Natl. Acad. Sei. US.A. 108, 24730
ng mrmsnmﬁitramng maerophages
s, relieves Immunosuppression, and
sponses, Cancer Res. 78, 11 ‘3&‘;%‘

mic multipotent progenitor
myelogenous  leukemia

intains leukemia-
ing cells in chronic myeloid isn\mmm Neature 488, §76-680
40 .‘x;am,owsiq JL. et wl (20085 1L s bumor incidence and
V?'h ,z‘varsw 4 r‘»cxwl}bo

wing v T cells to the
el 208, 481503
42 Wei, S, r*? al. f,z’,k}i)‘. have stem cell like features and promot
long-term immunity. Oncoimmunology 1, 516-519
Nakasone, B.8. et {,d ¢ BQ}z‘imaﬂqg tumor-stroma interactions during

“ﬁ"z{:m 7

..\,aﬂsapsfeieinz S
fon in viva. Am. o, Peathol. 178, 4¢




46 Kroemer, G, ef of. (2012) Immunogenic cell death in cancer therapy.
Annu. Rev, Immunol. 31, 5172

47 Takeuchi, O, and Akira, 8. (28018) Pattern recognition receptors and
inflammation. Cell 140, 805-820

48 Apetoh, L. ef «l. (2007) Toll-like receptor 4-dependent contribution of
the immune system o anticancer chemotherapy and radiotherapy.
Nat. Med. 13, 10501058

49 Kim, 8. et ol (2008) Carcinema-produced factors activate myeloid colls
through TLRZ to stimulate metas . Nature 457, 102-106

50 Mittal, I et ol (2010) TLR4-mediated skin carcinogenesis is
dependent on immune and radioresistant cells, EMBO J. 29,
22422252

51 Cherfils-Vicini, J. ¢ al. (2010) Triggering of TLR7 and TLRS expressed
by human lung cancer cells induces cell survival and chemore
o Clin. In 120, 1285-1287

52 Freeman, G.l e ol S0 T genes: a family of cell surface
phosphatidylserine recepiors that regulate innate and adaptive
immunity. Immunel. Rev, 235, 172189

53 Anderson, A.C. ef «d. (2007) Promotion of tissue inflammation by the
immune receptor Tim-3 expressed on innate tmmune cells. Scierce 318,
11411143

54 Poeck, H. et ol (2008) & Triphosphate-si s tuning gene silencing
and Rig- activation against melanoma. Nat. Med, 14, 12561268

55 Kubler, K. ¢f al. (2010) Targeted activation of RNA helicase vetinoie
actd cible genel induces proimmuncgenic apoptosis of hnunan
ovarian cancer cells. Cancer Res. 70, 5288-8804

56 (Gebhardt, C. et al. (2008) RAGE signaling sustaing inflammation and

&

57 Tageuch
suppresses
58 Ghiringhelli, ¥ et ol {2009) Activation of the
dendritic

umor growth and metastasts, Nafwre 408, 854-860
LRPS

~1B-dependent adaptive immunity againgt

fammagome in

1573 77
60 Nagata, S.ef ol. (2010 Avtoimmuni
Cell 140, 619-630
i1, J. et ol (2002) A blast from the past: clearance of apopt
s immune responses, Nat. Rev, Inununol 2, 985875
Hanayama, R, ef ol (2002; Identification of a factor that links apoptotie
cells to phagoeytosis. Natwre 417, 182-187

vy and the clearance of dead cells.

¢ cells

- 403 -

63 .Jinushi, M. ef ol (2007) MFG

~3

e 2]

Trends in Molecular Medicine September 2013, Vol. 19, No. 9

~E8mediated uptake of apoptotic cel
nflammatory activities of GM-CSF. .1

APCg links pro- and 2
Inwest. 117, 190218138
Jinushi, M. et ol (2008) Milk fat globule E seonaotes melanoma
progression through coordinated Akt and twist signaling in the tuwmor
microenviroenments. Cancer Res. 88, 88838898

Jinushi, M, ef «l. (2009; Milk-fat globule BGF-8 triggers tumor
destruction through coordinated cell autonomous and immune-
mediated mechanisms. J. Eap. Med. 206, 131713
Pag, Kt ef al. (2011) A microRNA regulon that mediates endothelial
recruibment and mete is by cancer cells. Nature 481, 190-194
Rogers, AE. et ol (2012) Mer receptor fyrosine kinase inhibition
impedes glishlastoma multiforme migration and alters eellular
merphology. Oncogene 31, 41714181

Neyen, C. ef ol (2018) Maecrophage scavenger receptor A promotes
tumor progression in noorine models of ovarian and pancreatic cancers.
J. Immunol. 180, 87988805

Green, DR, ¢f al. (2009) Immunogenic and folerogenic cell death. Nai,
Rev. Immunol. 8,

Gardal, 8., ef «l. (2005) Cell-surface ealveticulin inttiates clearance of
viable or apoptotic cell through transactivation of LRP on the
phagocytes. Cell 123, 821-384

Lavra, S ef ol (2012} An bmmunosurveillance mechanism controls
cancer cell ploidy. Seience 387, 18781684

Obeid, M. ¢ ol (©Q007) Calretieulin exposure dictates
fmunogenielty of cancer cell death. Nt Med. 18, 54-61

Chao, MP. e ¢, (2010) Calreticulin is the dominant pro-phagocytic
al on multiple human cancers and counterbalanced by CD47. Sei.
Transl, Med. 2, 63ra8
Chao, MLP. et al. (2011) Programmed cell removal: & new obstacle n the
road to developing cancer. Nai. Rev. Cancer 12, 5867
Remakrishnan, R, o ol. (2010) Chemeotherapy enhances tumor eell
sugceptibility to CTLemediated killing during cancer. J. Clin. Tnvest.
120, 11111184

Clampricotti, M. ef af. (2012) Chemotherapy response of spontaneous
mammary tumors is independent of the adapti Nt
Med. 18, 344-348
Hanahan, D, and Welnber
generation, Cell 144, 648
Rubinsztein, D.OC. e ol. 2012) Avtophagy modulation as a potential
therapeutic target for diverse dise Nt Rev. Drug Discov. 11,
T8-TE6

G

5

the

C(2011) Hallmarks of cancer: the next

545



Immunity

TiM-4 Glycoprotein-Mediated Degradation of Dying
Tumor Cells by Autophagy Leads to Reduced Antigen
Presentation and Increased Immune Tolerance

Muhammad Baghdadi,” Akihiro Yoneda,’ Tsunaki Yamashina,! Hiroko Nagao,! Yoshihiro Komohara,? Shigenori Nagai,*
Hisaya Akiba,* Marc Foretz,®%7 Hironori Yoshiyama,® Ichiro Kinoshita,? Hirotoshi Dosaka-Akita,® Motohiro Takeya,?

Benoit Viollet,%%7 Hideo Yagita,* and Masahisa Jinushi'*

tResearch Center for Infection-Associated Cancer, Institute for Genetic Medicine, Hokkaido University, Sapporo, 060-0815, Japan
2Department of Cell Pathology, Graduate School of Medical Sciences, Kumamoto University, Kumamoto, 860-8556, Japan
3Department of Molecular Immunology, Tokyo Medical and Dental University, Tokyo, 113-8549, Japan

4Department of Immunology, Juntendo University School of Medicine, Tokyo, 113-8421, Japan

SINSERM, U1016, Institut Cochin, Paris, 75014, France
SCNRS, UMR8104, Paris, 75014, France
7Université Paris Descartes, Sorbonne Paris Cité, 75014, France

8Department of Medical Oncology, Hokkaldo Umvers:ty Graduate School of Medicine, Sapporo, 060-0815, Japan

*Correspondence: §
htto//dx.dolorg/1(

SUMMARY

Phagocytosis of apoptotic cells by myeloid cells has
been implicated in the maintenance of immune
homeostasis. In this study, we found that T cell
immunoglobulin- and mucin domain-containing
molecule-4 (TIM-4) repressed tumor-specific immu-
nity triggered by chemotherapy-induced tumor cell
death. TIM-4 was found to be highly expressed on tu-
mor-associated myeloid cells such as macrophages
(TAMs) and dendiritic cells (TADCs) and danger-asso-
ciated molecular patterns (DAMPSs) released from
chemotherapy-damaged tumor cells induced TIM-4
on tumor-associated myeloid cells recruited from
bone marrow-derived precursors. TIM-4 directly
interacted with AMPKa1 and activated autophagy-
mediated degradation of ingested tumors, leading
to reduced antigen presentation and impaired CTL
responses. Consistently, blockade of the TIM-4-
AMPKa1-autophagy pathway augmented the anti-
tumor effect of chemotherapeutics by enhancing
tumor-specific CTL responses. Our finding provides
insight into the immune tolerance mediated by
phagocytosis of dying cells, and targeting of the
TIM-4-AMPKal1 interaction constitutes a unique
strategy for augmenting antitumor immunity and
improving cancer chemotherapy.

INTRODUCTION

Tumor microenvironments play a determinant role in suppressing
responsiveness to anticancer drugs and accelerating subse-
quent tumor growth (Hanahan and Coussens, 2012). Therefore,
it is extremely difficult to treat established tumors in which the
complex interplay between tumor cells and stromal components

- 404 -
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is already skewed in favor of tumor progression. Recent evi-
dences have clarified the critical role of intrinsic host immunity
in the regulation of tumor sensitivities to anticancer drugs. In
addition, the interactions between antigen-presenting cells
(APCs) and T cells, which are regulated by various repertories
of costimulatory and coinhibitory molecules in tumor microenvi-
ronments, might impact tumor progression and anticancer drug
resistance (Pegys et al., 2007). Consistent with this notion, anti-
body blockade of the major coinhibitory molecules cytotoxic T
lymphocyte antigen-4 (CTLA-4) or programmed death-1 (PD-1)
enhances antitumor responses in patients who have been refrac-
tory to other anticancer modalities (Fardall, 2012). Thus, the mo-
lecular events governing host :mmunoregulatory elements might
modulate responsiveness to conventional anticancer treatments.

T cell immunoglobulin and mucin domain protein-4 (TIM-4),
which is expressed on myeloid cells including dendritic cells
(DCs) and macrophages from spleen, lymph nodes, or peritoneal
cavity, serves as a critical sensor for controlling the functions of
naive and activated T cells. TIM-4 differentially regulates T cell
homeostasis by inhibiting naive T cells during the induction
phase of an immune response and enhancing T cell responses
at the effector phase (Rodriguez-Manzanet et al,, 2010). In addi-
tion, TIM-4 plays a critical role in phagocytosis of apoptotic cells
by APCs through interaction with phosphatidylserine (PS) (#iva-~
ishi st al, 2007; Kob i, 2007). Although these studies
verify the role of TIM-4 in the regulation of immune homeostasis
by controlling APC functions, it remains unknown how TIM-4
impacts host immunity within tumor microenvironments. In
particular, it is critical to evaluate the role of TIM-4 expressed
on myeloid cells of distinct tissues including tumors in regulating
immunity and tolerance.

In this study, we identified a new pathway whereby TIM-4-
adenosine monophosphate activating kinase-a1 (AMPKa1)
interaction in myeloid cells triggers antigen-specific immune
tolerance by inducing autophagy-mediated degradation of
chemotherapy-killed apoptotic tumor cells. Thus, targeting
TIM-4-AMPKa1 interplay might constitute a novel strategy for
potentiating the antitumor responses.
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RESULTS

DAMPs Released from Chemotherapy-Treated Tumor
Cells Upregulate TIM-4 on Tumor-Associated
Macrophages and Dendritic Celis
We first evaluated TIM-4 expression on myeloid cells from mice
bearing established tumors. Single-cell suspensions prepared
from subcutaneous B16-F10 tumors revealed high percentages
of TIM-4-expressing CD11b*F4/80* macrophages and CD11c*
MHC-HI" dendritic cells (DCs) (Figure 1A; Figurs S$1B). In
contrast, lower percentages of TIM-4" macrophages were found
in the tumor-draining lymph nodes (TDL) and spleens (SPL) of
tumor-bearing mice (Figure 1A). TIM-4 was not detectable on
lymphocytes (T, B, and NK cells), EpCAM* epithelial cells,
CD31* endothelial cells, or CD45~ gp38* stromal cells in tumor
tissues and spleens of tumor-bearing mice, suggesting that
TIM-4 expression was confined to myeloid lineage cells (Fig-
ure §1A; not shown).

To investigate tumor-derived factors contributing to TIM-4 in-
duction in myeloid cells, we incubated immature bone-marrow-

hages in PBL of HD (n = 6) or cancer patients (PT) (n = 3), TAM or TADCs from the same patients (n = 13). Data are shown as mean + SD

derived macrophages (BMDMs) or dendritic cells (BMDCs) with
untreated or cisplatin (CDDP)-treated B16-F10 tumor cell super-
natants. TIM-4 expression was upregulated 12 hr after treatment
with the supernatants of CDDP-treated tumor cells at greater
levels than those of untreated cells (Figure 1B). Moreover, TIM-
4 was also induced by the supernatants of MC38 colon cancer
cells treated with CDDP, camptothecin (CPT-11), or gemcitabine
(GEM), as well as 3LL lung cancer cells treated with CDDP, taxol,
or GEM, compared to the cells treated with DMSO (Figurs 81C),
suggesting that soluble factors released from chemotherapy-
treated, dying tumor cells contribute to the TIM-4 upregulation
on tumor-associated myeloid cells. Dying tumor cells release
endogenous ligands for pattern recognition receptors referred
as damage-associated molecular patterns (DAMPs) (Krysko
atal, 2012). Although treatment of the dying tumor cell superna-
tant with an inhibitor for high mobility group box-1 (HMGB1)
(anti-HMGB1 Ab), heat shock protein 90 (HSP90) (17-AAG), or
ATP (apyrase) singly had only marginal inhibitory effects on
TIM-4 expression on BMDMs, a combination of all three inhibi-
tors largely diminished the upregulation of TIM-4 on BMDMs
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(Figure 1C). Conversely, treatment with HMGB1, ATP, monoso-
dium urate (MSU), and S100A8 together caused TIM-4 upregu-
lation on BMDMs or BMDCs (Figure 81D and S1E). Thus, an
inflammatory tumor microenvironment triggered by cytotoxic
chemotherapy induces the TIM-4 upregulation on tumor-associ-
ated macrophages and DCs through the release of DAMPs.

To determine the origin of TIM-4* TAMs, we examined TAMs
from various tumors established in C57BL/6 mice transplanted
with bone marrow cells (BMCs) from GFP~transgenic mice (Fig-
ure 1D). As previously reported (Gsisamann ot al., 2010), perito-
neal macrophages were largely radioresistant and contained
about 20% of BMC-derived GFP* cells, and the GFP*F4/80*
cells were detected in spleens at higher frequency than
peritoneal cavity. In contrast, the majority of TAMs were bone-
marrow-derived GFP* cells (Figure 1D). Although previous
reports revealed that splenic inflammatory CCR2™ monocytes
might serve as a main reservoir of TAMs (Gian et al,, 2011 Cor-
tez-Retamozo st al,, 2012), these results suggest that majority of
TAMs might be originated from BMCs.

Finally, we found that TIM-4 expression was also detected on
higher percentages of TAM or TADCs isolated from tumor tis-
sues of patients with advanced non-small-cell lung or gastric
carcinoma than on the same populations obtained from
peripheral blood leukocytes (PBL) of cancer patients or healthy
volunteers (HV) (Figure 1E). These results demonstrate that
tumor-derived DAMPs are responsible for upregulating TIM-4
on myeloid cells.

Tii-4 Differently Regulates Antigen Presentation in
Distinct Macrophage Subsets

Several lines of evidence have revealed the impact of apoptotic
cell engulfment on maintaining immune tolerance and preventing
excess inflammation (Nagata et al., 2010; Griffith and Ferguson,
2011). Although TIM-4 serves as a PS receptor that facilitates
phagocytosis of apoptotic cells by peritoneal macrophages
(P-MAC), the role of TIM-4 in regulation of phagocytosis by
tumor-infiltrating myeloid cells remains unknown.

To address this issue, we prepared for B16-F10 TAMs or bulk
P-MAC of C57/BI6 wild-type (WT) mice, which highly expressed
TIM-4 (data not shown), as well as those of TIM-4-deficient mice.
In addition, we isolated TIM-4* and TIM-4~ populations of
BMDMSs or splenic macrophages (S-MAC) from WT C57BL/6
mice or those from TIM-4-deficient (Timd4~~) mice. We
confirmed that TIM-4 expression was not detected in TIM-4~
WT cells even after ingestion of dying tumor cells in our experi-
mental conditions (data not shown). In TIM-4* WT TAMs,
BMDMs, or splenic macrophages, we found that TIM-4 was
dispensable for phagocytosis of dying EG7 tumor cells, because
the phagocytosis by these cells was not different in TAMs or
BMDMs of TIM-4* or TIM-4~ WT and 7imd4~'"mice, and re-
mained unaffected by treatment with anti-TIM-4 mAb (Figures
2A and 2B; Figures S2A-S2C). In contrast, phagocytosis of
apoptotic EG7 cells was significantly inhibited in Timd4~~ and
WT peritoneal macrophages treated with the TIM-4 mAb or a
TIM-4-specific siRNA that suppressed TIM-4 expression (siRNA
#2) (Figures 81D, 82B-S2E). The blocking activities for TIM-4
were intact even when Fab fragments were used, and they
were not affected by Fc receptor blocking with anti-CD32/
CD16 mAb (data not shown). These results suggest differential
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contribution of TIM-4 to phagocytosis of apoptotic cells by
distinct subsets of macrophages, which might be determined
by expression of other phagocytic receptors.

We next analyzed how TIM-4 regulates antigen presentation
by TAMs and TADCs. TAMs and TADCs were isolated from
B16-OVA-bearing WT or Timd4™'~ mice treated with or without
CDDP and then used for antigen presentation (SINFEKL-H2K®
expression). We found that both TAMs and TADCs from
Timd4~'~ mice had a superior ability to form SIINFEKL-H2K®
complex from OVA-expressing B16 tumors pretreated with
CDDP compared to those from WT counterparts (Figure 2C).
Moreover, TIM-4* BMDMs treated with anti-TIM-4 mAb
augmented cross-priming of OVA-specific T cells at similar
levels to Timd4 ™/~ BMDMs (Figures $S2A and S2C). Interestingly,
while treatment with anti-TIM-4 mAb or siRNA augmented
SIINFEKL-H2KP presentation by TIM-4* TAMs (Figurss $2B
and S2E), BMDMs, or splenic macrophages (Figure 82H), the an-
tigen presentation was substantially impaired in Timd4~'~ TAMs
or WT TAMs treated with anti-TIM-4 mAb, likely due to the
impaired phagocytosis (Figure 2C; Figures 82C and S2E).

To examine whether TIM-4 regulates APC-mediated cross-
priming of tumor antigen-specific CD8* cytotoxic T lymphocytes
(CTLs), TAMs and TADCs were isolated from B16-OVA-bearing
WT or Timd4™'~ mice treated with or without CDDP and then
used for cross-priming of OVA-specific OT-I cells. TIM-4 defi-
ciency augmented interferon-y (IFN-y) production in TCR-VB5*
OT-I cells when stimulated by TAMs and TADCs isolated from
CDDP-treated B16-OVA tumors, although cross-priming
ability of TADCs were superior to that of TAMs (Figure 2D). More-
over, OVA-specific responses to TIM-4* BMDMs were also
augmented by anti-TIM-4 mAb when B16-OVA cells were loaded
after treatment other cytotoxic agents such as CPT-11, taxol, or
GEM (Figure 82F).

The blockade of TIM-4 augmented antigen cross-presentation
while ingestion of dying tumor cells by TAMs remained
intact, suggesting that some other phagocytic receptors might
compensate and stimulate antigen processing by TAMs.
Because recent studies demonstrated the importance of
CD91-calreticulin (CRT) interaction in stimulating phagocytosis
and cross-presentation of immunogenic antigens by APCs
(Obsid et al, 2007), we examined whether CD91 was utilized
as an alternative receptor for phagocytosis by TAMs treated
with anti-TIM-4 mAb. Although CD91 was expressed on TAMs
at comparable levels to P-MAC, treatment with anti-CD91
neutralizing Ab and anti-TiM-4 mAb significantly suppressed
the ingestion of dying EG7 cells and antigen-presentation by
TAMs (Figure 82G). Thus, multiple phagocytic receptors allow
TAMs to utilize TIM-4-independent compensatory pathways.

In process of analyzing the fate of engulfed tumor cells in
TAMs, we found that the ingested apoptotic tumor cells were
located into LAMP1* lysosomal compartment in TIM-4* BMDMs
at much higher frequencies than those in Timd4~'~ BMDMs
(Figure 2E). This finding led us to hypothesize that TIM-4 might
promote lysosomal degradation of the ingested tumor cells,
leading to the impaired tumor antigen presentation by TIM-4*
TAMs. Consistent with this notion, a lysosomal acidification
inhibitor bafilomycin A1 increased the ability of TIM-4* BMDMs
to stimulate OT-l cells to a comparable level with that of
TIM-4~ BMDMs (Figure S3A).
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Together, these results suggest that TIM-4 contributes to
immune tolerance by promoting phagosomal acidification and
antigen overdegradation in macrophages localized in tumors,
bone marrow, or spleen.

TiVi-4 Suppresses Antigen Presentation by Autonhagy-
HMediated Mechanisms
We next examined which signaling cascades are involved in the
impaired antigen presentation by TIM-4* BMDMs. Since treat-
ment with an mammalian target of rapamycin (mTOR) inhibitor
rapamycin, a phosphoinositide 3-kinase (PI3K) class-IA p110-
d-specific inhibitor 1C87114 or the genetic deficiency of p85a
repressed OT-| cell activation by TIM-4~ BMDMs to comparable
levels with TIM-4* counterparts. In contrast, the treatment
with a PI3K class lll-specific inhibitor 3-methyladenine (3-MA)
augmented the activation by TIM-4* BMDMs to the levels com-
parable with TIM-4~ counterparts (Figures 83A and S3B).
These findings led us to hypothesize e involvement of
autophagy on TIM-4-mediated immune regulation, because

(E) Lysosomal degradation of TIM-4* WT or Timd4 ™'~ BMDMs loaded with CDDP-treated CFSE* EL4 cells. Data are shown as mean = SD (n = 3-5). See also

autophagy serves as a main pathway regulated by multiple
signaling cascades such as PI3K and mTOR (Levine st al,
2011). Moreover, autophagy is critically involved in multiple pro-
cesses of immune regulation, such as MHC class Il-mediated
antigen presentation and regulation of cytokine profiles re-
sponses (Lee et al, 2010; Saitoh ef al,, 2008). Furthermore, the
TIM-4-mediated uptake of apoptotic cells facilitated microtu-
bule-associated protein light chain 3 (LC3)-associated phago-
some formation (Martinez et al, 2011). Thus, we examined
whether TIM-4 might promote degradation of ingested cells by
activating autophagic pathways. Consistent with this idea, inges-
tion of dying EL4 cells resulted in enhanced autophagic activation
of TIM-4* BMDMs generated from LC3-GFP transgenic mice
(Mizushima et al,, 2004), as shown by the increased frequencies
of punctuate form of LC3 (Figure 3A). In addition, phagocytosis
of dying EG7 cells decreased intensity of LC3 levels in TIM-4*
WT BMDMs, which suggest increased autophagy-mediated
degradation, whereas LC3 expression remained unchanged
in Timd4™~ BMDMs after engulfment of dying EG7 cells
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(EBSS).

(B and C) LC3-I/1l levels in TIM-4* or Timd4™'~ BMDMs loaded with CDDP-treated EG7 cells or received EBSS with or without CLQ.

(C) Distribution of LC3 in TIM-4* or Timd4 ™~ BMDMs treated as shown in (B).

(D) Formation of autophagosome in TIM-4* or Timd4~/~ BMDMs as shown in (B). The autophagic vesicles (arrow head) containing dying cell debris (*) were
shown. Scale bar represents 4 um (upper panel) and 1 um (lower panel).

(E) IFN-vy production in OT-l cells cocultured with BMDMSs from WT or LysM-Atg5 '~ mice loaded with CDDP-treated EL4 or EG7 cells and control Ig or oTIM-4.
(F) Phagocytosis, autophagy, and lysosomal degradation of TIM-4* WT or Timd4 ™'~ BMDMs loaded with CDDP-treated PKH26*EL4 cells for the indicated time.
The MFI of PKH26, LAMP1, or LC3B levels in the F4/80* cells were evaluated by flow cytometry. The phagocytosed and autophagy-activated cells were
calculated as increased percentages of PKH26" EL4 cells and reduced percentages of LC3-positive cells loaded with dying EL4 cells compared to untreated
cells, respectively.

(G) Efficiency of ULK1 inhibition in BMDMs transfected with ULK1 siRNA.

(H and 1) LC3B levels (H) or the presentation of SHINFEKL-H2K® (I) in ULK1 siRNA-transfected TIM-4* or TIM-4~ BMDMs loaded with CDDP-treated B16 or
B16-OVA cells. The MFI of SIINFEKL-H2K®* cells are shown. Data are shown as mean + SD (n = 3-5). See also F

(Figure 83C). TIM-4" WT BMDMs increased autophagic flux as
shown by enhanced LC3-Il with lysosomal inhibitor chloroquine
(CLQ), further confirming the role of TIM-4 in stimulating autopha-
gic response, whereas autophagic flux was not observed in
TIM-4~/~ BMDMs upon ingestion of apoptotic cells (Figures 3B
and 3C). Electron microscopic analysis further revealed that the
formation of autophagosome with double-layer membranes con-
taining degrading cell debris and organelles was detected in
TIM-4* BMDMs, but autophagic vesicles were barely detectable
in Timd4~'~- BMDMs, upon engulfment of dying cells (Figure 3D).

To further gain insights into the importance of autophagic ma-
chinery in the TIM-4- mediated regulation, we generated LysM-
Cre x Atg5™/ % conditional gene-targeted (LysM-Atg5~/")

mice, which are specifically defective of autophagy in myeloid
lineage cells. We confirmed that Atg5 was specifically deleted
and autophagic activities were impaired in the LysM-Atg5™/~
BMDMs (data not shown). F4/80*CD11b* macrophages were
generated from bone marrow cells of WT or LysM-Atg5~"~
mice, loaded with dying EL4 or EG7 cells for 4 hr, and then cocul-
tured with OVA-specific OT- cells. LysM-Atg5~/~ BMDMs had
a greater potential in stimulating OT-I cells as compared to WT
BMDMs, and the levels of antigen presentation by LysM-
Atg5~/~ BMDMs were comparable to those by TIM-4~/~
BMDMs (Figure 3E). In accord with the significance of crosstalk
between TIM-4 and autophagic pathways, treatment with anti-
TIM-4 mAb or siRNA-mediated inhibition of TIM-4 had little
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additional effects on the antigen presentation or the cross-prim-
ing of OT-I cells by TIM-4*LysM-Atg5™'~ BMDMs (Figure 3E;
Figure S3D). Furthermore, whereas the anti-TIM-4 mAb-medi-
ated enhancement of cross-priming by WT BMDMs was abol-
ished by rapamycin and 1C87114, the enhanced cross-priming
by LysM-Atg5~/~ BMDMs was not affected by these inhibitors
(Figure 83E).

The LAMP1* phagolysosome containing dying cells was
detected in TIM-4* BMDMs at similar levels to Timd4~'~ BMDMs
up to 30 min after phagocytosis of dying EL4 cells. However, the
LAMP1 levels increased continuously in TIM-4* BMDMs, while it
gradually decreased in Timd4~'~ BMDMs after 30 min, whereas
the kinetics of phagocytosis were similar in TIM-4* WT and
Timd4~'~ BMDMs (Figure $F). Furthermore, autophagy was acti-
vated in TIM-4* BMDMs but not Timd4~'~ BMDMs after inges-
tion of dying EL4 cells, suggesting that autophagy activation
occurred selectively in TIM-4* cells (Figure 3F). These results
suggested that TIM-4 was dispensable for phagolysosome
formation following apoptotic cell phagocytosis, but it played a
critical role in initiating autolysosome formation, leading to
excessive antigen degradation and reduced cross-presentation
by TIM-4* macrophages.

Recent studies have revealed that engulfment of TLR-associ-
ated particles or recognition of PS mediates a recruitment of LC3
to mature phagosomes through class Il PI3K and Atg5-depen-
dent but Unc51-like linase-1 (ULK1)-independent machineries
(Sanivan et al, 2007; Mart 2011). This process,
referred as LCS assomated phagocytosrs (LAP), does not cause
an accumulation of autophagic vesicles and is responsible for
facilitating dying cell clearance and TLR-mediated innate
immune responses (M 2011; Henault et al, 2012).
However, we observed the clear autophaglc ves:cles, which
were colocalized with luminal ER tracker in TIM-4* BMDMs
upon tumor cell phagocytosis (Figure 8A; data not shown). More-
over, siRNA-mediated targeting of ULK1, which efficiently
inhibits ULK1 expression (Figurs 3G), reversed the TIM-4-medi-
ated activation of autophagy and the repressed cross-presenta-
tion in TIM-4" BMDMs upon ingestion of EL4 cells (Figures 3H
and 3l). Thus, our findings strongly suggest that TIM-4 in-
duces tolerogenic properties of myeloid cells upon recognition
of apoptotic cells in conventional autophagy-dependent but
LAP-independent manner. Then, we further investigated how
TIM-4 regulates conventional autophagy after engulfment of
dying tumor cells.

inex et al,

TiMi-4 Interacts with AMPK«1 in Phagosome and
Activates Autophagic Processes

Autophagy is tightly regulated by multiple molecules and path-
ways sensing stresses in the cells (Levine et al,, 2011). Interest-
ingly, TIM-4 was expressed mostly on the cell surface, but it was
localized at LAMP1* phagolysosome after ingestion of apoptotic
EL4 cells (Figure S4A), suggesting that TIM-4 might act on phag-
osome to regulate autophagy. We next tried to identify the mole-
cule that directly interacts with TIM-4 and regulates autophagy.
Although the autophagic activity is controlled by mTORC1
pathway regulators, such as SH3BP1, REDD, GSK-B, and
FoxO (Lavine of al,, 2011), we failed to detect the involvement
of these factors in the TIM-4-mediated regulation of autophagy
(data not shown).

Recent studies have revealed that AMPKe interacts with ULK1
and activates autophagy (Egan et al,, 2011; Kim st al,, 2011).
Furthermore, AMPKo. was detected in macrophages upon the
phagocytosis of apoptotic cells (Bas st al,, 2011), which stimu-
lated autophagy by inhibiting tuberous sclerosis protein-2
(TSC2)-mTORC1 (mMTOR complex 1) signals (Hardie, 2007).
Thus, we investigated whether AMPKeo. was involved in the
TIM-4-mediated regulation of autophagy. We found that TIM-4
interacted with AMPKa1 in TIM-4* BMDMs after ingestion of
dying EL4 cells, although TIM-4 binding with AMPKa1 was
detected at lower levels even without phagocytic process (Fig-
ure 4A). We next examined the impact of TIM-4 on the activation
of AMPK and autophagy. Phosphorylation of AMPKa1 at Thr172,
which is critical for its kinase activities, was clearly induced in
TIM-4* BMDMSs, but not in Timd4~~ BMDMs or P-MACs,
upon ingestion of dying EL4 cells (Figure 4B). More interestingly,
TIM-4 was colocalized with AMPKa1 in LAMP1* and LC3* auto-
phagolysosomal vesicles after phagocytosis of apoptotic cells
(Figures 4C and 4D).

We next examined the role of the TIM-4-AMPKue: interaction in
the regulation of mTOR signals and autophagic activities. The in-
hibition of AMPKe in TIM-4* BMDMs augmented mTORC1 activ-
ities as shown by the increased phosphorylation of p70 and p85
S6K1 (Figure S4B). Moreover, TIM-4-AMPKo, interaction pro-
moted phosphorylation of ULK1 at Ser555, which is critical to
recruit Atg13/FIP200 and initiate autophagic vesicle formation
(Egan etal, 2011) (Figure 4E). TIM-4 and AMPKa.1 were colocal-
ized with ULK1 in LAMP1* lysosomal vesicles (Figure 4F). The
importance of TIM-4-AMPKa1 interaction in the regulation of
autophagy was further validated by analyzing AMPKa.1-deficient
(Prkaa1™'~) TIM-4* BMDMs, because LC3-Il expression was
impaired in Prkaal™'~ BMDMs upon ingestion of EL4 cells (Fig-
ure 4G; Figure S5A). In contrast, AMPKe2 deficient (Prkaa2~'~)
TIM-4* BMDMs activated autophagy upon ingestion of dying
EL4 cells at similar levels to WT counterparts, indicating that
al1-subset of AMPK specifically interacts with TIM-4. These
results are consistent with previous reports that AMPKa1 is a
sole subset specifically expressed in myeloid cells (Sag st al,,

2008; Yang st al,, 2010). Moreover, BMDCs activated autophagy
upon ingestion of dying tumor cells by TIM-4-dependent
mechanisms, suggesting that TIM-4-mediated activation of
autophagy is commonly operated in macrophages and DCs
(data not shown).

The above finding led us to hypothesize that different dyna-
mism and/or activites of AMPKa1 might be a determinant
in regulating the APC activities of TIM-4* macrophages. The
phosphorylation levels of AMPKa1 were comparable among
TAMs, BMDMs, and peritoneal macrophages upon ingestion of
apoptotic cells (data not shown). However, TIM-4 was colocal-
ized with AMPKa1 in the intracellular compartments of TAMs
and TIM-4* BMDMs upon ingestion of apoptotic cells, whereas
TIM-4 was mostly retained on plasma membrane and thus
scarcely interacted with AMPKa1 in peritoneal macrophages
(Figure 4H). These results suggest the existence of molecular
machineries regulating TIM-4 internalization after recognition of
apoptotic cells, which differed among macrophage subsets.

Collectively, TIM-4 activates AMPKa1 in TAMs and BMDMs
upon ingestion of apoptotic cells, leading to the ULK1-mediated
formation of autophagic vesicles.
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(C and D) Localizations of TIM-4, AMPKa.1, and LAMP1* (C) or LC3 (D) in TIM-4* BMDMs cultured with or without CDDP-treated EL4 cells. (E) Phosphorylation of
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Tii-4-Mediated Activation of Autophagy Attenuates
Antitumor Effect of Chemotherapy
To examine the involvement of TIM-4-autophagy pathway, we
characterized the antitumor effects of CDDP and anti-TIM-4
mAb on MC38 colon cancer growth in the LysM-Atg5~'~ or con-
trol Atg5"/"°* mice. The combined treatment with CDDP and
anti-TIM-4 mAb resulted in a significant delay of tumor growth
in the Atg5"1°% mice (Figure 5A). In contrast, CDDP mono-
therapy was sufficient to suppress tumor growth in the LysM-
Atg5~~ mice at a similar extent to combined treatment with
CDDP and anti-TIM-4 mAb (Figurs 8A). To analyze the mecha-
nisms underlying these effects, we adoptively transferred OT-I
cells into LysM-Atg5~"~ or control Atg5™"®* mice, Two days
later, B16-OVA cells were inoculated subcutaneously and the
mice were then treated with CDDP and/or anti-TIM-4 mAb. Lym-
phocytes were isolated from the established tumors 7 days after
the final treatment. The CDDP alone was sufficient to maximize
the frequencies of TCR-VB5* OT-l cells and IFN-y-producing
OT-l cells in the LysM-Atg5~~ mice, whereas the combination
with anti-TIM-4 mAb was required for maximizing antitumor
effects in the control Atg5"°% mice (Figures 5B and 5C).
Recent studies demonstrated that some chemotherapeutic
agents trigger immunogenic cell death (ICD) of tumors, which

was associated with tumor immunogenicity and antitumor re-
sponses (Green et al., 2008). Because a cytotoxic drug that
has been known as a non-ICD inducer (CDDP) was utilized in
this study, we next examined how TIM-4-autophagy pathway
regulates antitumor responses of ICD inducers (oxaliplatin
[OXP], doxorubicin, and y-irradiation) as compared to non-ICD
inducers (CDDP, CPT-11, and mitomycin-C) (Green et al,
2008). Cross-priming of OT-| cells by EG7-loaded BMDMs was
significantly augmented irrespective of the frequencies with
either ICD or non-ICD inducers (Figure S5B). Although OXP
monotherapy substantially suppressed tumor growth in the
LysM-Atg5~'~ mice, the treatment with anti-TIM-4 mAb further
augmented antitumor effect of OXP in the Atg5""* mice (Fig-
ure 88C). Thus, TIM-4-autophagy pathways regulate antitumor
responses of chemotherapeutic agents that trigger either ICD
or not.

To further define the role of TIM-4 on myeloid cells in regu-
lating antitumor effect of chemotherapy-induced adaptive im-
munity, we generated mixed BM chimeric mice comprising
BMCs from WT or Timd4~'~ and LysM-Atg5~"~ mice. In this
setting, BMCs from Atg5™/1% | ysM-Atg5~/~, and Timd4~'~
or WT mixed with LysM-Atg5~~ mice at a 1:1 ratio were used
to reconstitute lethally irradiated WT recipient mice. Two
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Figure 5. TIM-4-Autophagy Pathway Atteniuates Antitumor Effects of Chemotherapy

(A) MC38 tumor growth in LysM-Atg5™"~ or Atg5""* mice treated with CDDP and control Ig or «.TIM-4 (n = 4 per group).

(B and C) Total number of CD8" TCR-VB5* OT-I cells (B) or IFN-y* populations of OT-I cells (C) in tumor-infiltrating lymphocytes.

(D) B16-OVA tumor growth in mice reconstituted with BM cells of Atg5™"/1°% | ysM-Cre-Atg5~/~, Timd4™/~, and LysM-Atg5~/~ (Timd4~~"-LysM-Atg5~"") or WT
and LysM-Atg5~"~ (WT/LysM-Atg5"‘ chimera) mice 3 days after intravenous transfer of OVA-specific TCR-VB5* cells and treated with CDDP. Schematic

representation of experimental approach is shown (left panel). Data are shown as mean = SD (n = 3-5). See also ¥

months after the BMT, OT-I| cells were adoptively transferred
with B16-OVA tumor cells into the each BM chimeras and
treated with CDDP or OXP to induce antigen-specific immune
responses in vivo. The antitumor effects of CDDP were
compared in Atgs"/1% | ysM-Atg5~', Timd4™~ -LysM-
Atg5~"~, or WT-LysM-Atg5~/~ chimeras. CDDP or OXP had a
superior antitumor effect on B16-OVA tumors in LysM-Atgs™~
BM chimeras compared to Atg5""* counterparts. Impor-
tantly, the antitumor effect of CDDP or OXP was severely
impaired in WT-LysM-Atg5~"~ BM chimeras compared to
LysM-Atg5~'~ BM mice, whereas both chemotherapies had a
potent antitumor effect in Timd4™~-LysM-Atg5~'~BM chimeras
at comparable levels to LysM-Atg5™'~ BM chimeras (Figure 8D;
Figure 88C).

Together, these findings further substantiate the role of TIM-
4-autophagy pathway in negatively regulating chemotherapy-
induced antitumor immunity.

Y Q8
SNt N

The TIN-4-AMPKo 1-Autophagy Pathway Attenuates
Antitumor Effects of Chemotherapy

We next evaluated whether the TIM-4-AMPKea1 interaction is
responsible for the attenuation of chemotherapeutic effects by
TIM-4-mediated activation of autophagy. To do so, TIM-4*
BMDMs were loaded with apoptotic EG7 cells in the presence
of AMPK inhibitor (compound C}) or activator (5-Aminoimida-
zole-4-carboxyamide ribonucleoside: AICAR) or transfected
with siRNA specifically targeting for AMPKa1 and AMPKa2.
The cells were then used to stimulate OT-| cells. TCR-VB5*
OT-l cells produced more IFN-y when stimulated by TIM-4*
BMDMs treated with the AMPK inhibitor or transfected with
AMPKa-specific siRNA. Moreover, TIM-4 blockade had little
impact on the stimulation by TIM-4* BMDMs when AMPK was
inhibited (Figure 8A). In contrast, the TIM-4 blockade could not
overcome the immunosuppressive properties of TIM-4* BMDMs
or decreased the immunogenic potential of TIM-4-deficient
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Figure 6. The TIM-4-AMPKa1 Pathway Attenuates Antitumor Effect of Chemotherapy and Tumor-Specific immune Responses
(A) IFN-y production of OT-1 cells stimulated by the AMPKa siRNA-transfected TIM-4" or TIM-4~ BMDMSs loaded with CDDP-treated EG7 cells.
(B) OVA presentation of TIM-4* or TIM-4~ BMDMs from WT, Prkaa?™'", or Prkaa2™'~ mice loaded with CDDP-treated EG7 cells and control Ig or aTIM-4.

(C) IFN-y produgtion in TCR-VB5* OT-I cells cocultured with TIM-4* or TIM-4~

WT or Prkaal~'~ BMDMs loaded with CDDP-treated EG7 cells.

(D) Subcutaneous MC38 tumor growth in the BM chimeras reconstituted with LysM- Prkaa? ™'~ or Prkaa1™"®/"* BM cells and treated with CDDP and o.TIM-4. For
some instances, anti-CD8 depleting Ab was administered 2 days prior to tumor inoculation. (n = 4 per group).

(E) B16-OVA tumor growth in the mice reconstituted with BM cells from Prkaa?®/"°%, LysM-Prkaa1~/~, Timd4™~/~, and LysM-Prkaal ™'~ mice (TIM-4~/~-LysM-
Prkaa1~'~ chimera) or WT and LysM-Prkaa? ™'~ mice (WT-LysM-Prkaa?~/~ chimera) 3 days after intravenous transfer of OVA-specific TCR-VB5* cells from OT-

mice, and treated with CDDP. The schematic representation of experimental approach is shown (top). Data are shown as mean + SD (n = 3-5). See also

BMDMs when pretreated with the AMPK activator AICAR (Fig-
ure S6A). Furthermore, BMDMs and BMDCs generated from
Prkaa1™~ mice exhibited OVA cross-presentation at greater
levels than WT counterparts irrespectively of the treatment with
anti-TIM-4 mAb or TIM-4-specific siRNA. In contrast, OVA-pre-
sentation was similarly compromised in Prkaa2~'~ and WT
BMDMs in TIM-4-dependent manner, suggesting that a1 subunit
of AMPK s critical to interact with TIM-4 and suppress cross-
priming by apoptotic cell-derived antigens (Figure €B;
Figure S8B).

Liver kinase B1 (LKB1)-mediated phosphorylation of AMPKa
serves as a critical pathway to activate tuberous sclerosis
complex (TSC) and suppresses mTOR1 (Alsssi et al., 2006). How-
ever, TIM-4 activated autophagy and inhibited OVA antigen-
presentation in LKB1~/~ macrophages at similar levels to WT
BMDMs, suggesting that AMPKa1 regulates TIM-4-mediated
immune tolerance by LKB1-independent manner (Figure S8C).

To define the role of TIM-4-AMPKa1 pathway in myeloid cells
in the regulation of chemotherapy-induced antitumor immune re-
sponses in vivo, we generated BM chimeric mice in which BMCs
from control Prkaa1™"/1°% or LysM-Prkaa?~'~ mice were recon-
stituted in lethally irradiated WT mice. Two months after the BMT
procedure and confirmation of the chimerism by LysM-Cre gene
detection, MC38 colon carcinoma cells were inoculated subcu-
taneously and then treated with CDDP or OXP in the presence of
aTIM-4 mAD or control |g. In this system, we showed the impor-
tance of TIM-4-AMPKa.1 pathway in myeloid cells in suppressing
antitumor effect of OXP, because chemotherapy alone had
a remarkable antitumor effect in LysM-Prkaaf/ ~ BM chimeras
compared to those in Prkaa?™"* controls, whereas anti-
TIM-4 mAb augmented antitumor effect of CDDP or OXP in
the Prkaa1™/%x chimeric mice. More importantly, depletion of
CD8" cells mostly diminished antitumor effects of chemotherapy
in LysM-Prkaa1~~ BM chimeras, as well as CDDP or OXP
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combined with anti-TIM-4 mAb in Prkaa1"®/"* chimeras, vali-
dating the importance of adaptive immunity in this system (Fig-
ure 8D; Figure S8D). The depletion of CD8* cells had little effect
on tumor growth without the treatment with CDDP in our exper-
iments (Figure 6D).

To further clarify the role of TIM-4 on myeloid cells in the regu-
lation of chemotherapy-induced antitumor immunity in vivo, we
generated mixed BM chimeric mice comprising of bone marrow
(BM) cells from WT or Timd4~~- and LysM-Prkaal™'~ mice.
BMCs from Prkaa?™®°% | ysM-Prkaal~'~, andTimd4~'~ or
WT mixed with LysM-Prkaa? ™~ mice at a 1:1 ratio were used
to reconstitute irradiated WT recipient mice. Two months after
the BMC reconstitution, OT-I cells were adoptively transferred
with B16-OVA tumor cells into the each BM chimera and treated
with CDDP to evaluate antigen-specific immune regulation.
CDDP had a superior antitumor effect in LysM-Prkaa?™~ BM
chimeras compared to Prkaa?7/1°* counterparts. Importantly,
the antitumor effect of CDDP was severely impaired in WT-
LysM-Prkaa1™~ BM chimeras compared to LysM-Prkaa?™/~
BM mice, whereas CDDP had a potent antitumor effect in
Timd4™'~-LysM-Prkaal™~ BM chimeras at comparable levels
to LysM-Prkaal™'~ BM chimeras (Figure 8E). Together, these
findings indicate that TIM-4-AMPKa1 interaction in myeloid cells
attenuates therapeutic effect of chemotherapy by repressing
tumor-specific CD8" T cell immune responses.

DISCUSSION

We have demonstrated in this study that the interaction between
TIM-4 and AMPKa1 links phagocytosis of apoptotic cells with
immune tolerance. TIM-4 was highly expressed on tumor-asso-
ciated myeloid cells, which were predominantly recruited from
bone marrow, and DAMPs released from dying tumor cells
upon cytotoxic chemotherapy-augmented TIM-4 expression
on the myeloid cells. TIM-4 on the surface of myeloid cells was
translocated to LAMP1* phagosomes after phagocytosis of
apoptotic cells and then interacted with AMPKa1. The TIM-4-
mediated activation of AMPKa1 led to formation of autophagic
vesicles by activating ULK1 and repressing mTOR signals, which
resulted in excess degradation of tumor-cell-derived antigens in
autophagolysosomes and thereby suppressed cross-priming of
tumor-specific CTL. In this regard, our findings that TIM-4-medi-
ated phagocytosis activates the canonical autophagic pathway
might differ from the recently reported LC3-associated phago-
cytosis, because TIM-4 induced canonical autophagy character-
ized by ULK1-dependent autophagic vesicle formation was
observed following phagocytosis of apoptotic cells. Thus, our
findings have revealed the molecular link whereby phagocytosis
regulates immune responses to tumor or self-antigens derived
from apoptotic cells, and targeting TIM-4-AMPKa. 1 pathway pro-
vide a novel strategy for augmenting immunogenic cell death
upon chemotherapy while attenuating autoimmunity.

We observed that TIM-4 expression was significantly upregu-
lated on macrophages and DCs in the tumor microenvironments
and demonstrated that DAMPs such as HMGB1, HSP90, MSU,
S100A8, and ATP released from damaged tumor cells were
responsible for upregulating TIM-4 expression on macrophages.
Because TIM-4 mediates phagocytic clearance of apoptotic cell
debris, the TIM-4 induction by DAMPs released from dying cells

might be relevant in physiological conditions. Given the immuno-
suppressive function of TIM-4 on APCs as described in this
study, it will be of great interest o examine the expression of
TIM-4 in various diseases such as chronic infections and autoim-
mune diseases, in which DAMPs are implicated in the pathogen-
esis. DAMP-mediated induction of TIM-4 on macrophages may
not only facilitate the clearance of damaged cells but also
dampen autoimmune responses by suppressing cross-priming
with self-antigens. This notion is consistent with the develop-
ment of autoimmunity in TIM-4-deficient mice (Rodrigusz-Man-
zanet et al,, 2010).

Autophagy either promotes or suppresses tumor growth
depending on oncogenic and metabolic alterations in different
tumor cells and their microenvironments (Kirmmeiman, 2011;
White, 2012). In addition, cytotoxic chemotherapy triggers cell
death pathways by activating autophagic machineries, whereas
autophagy protects tumor cells from cell death triggered by
chemotherapy in certain circumstances (White, 2012). Thus, mo-
lecular mechanisms by which autophagic pathways differently
regulate antitumor effects of cytotoxic chemotherapy remain
largely elusive. Our findings of TIM-4-mediated degradation
of tumor antigens by autophagy provide evidence that autopha-
gic pathways might be involved in immunosuppressive property
of chemotherapy under the conditions that TIM-4-expres-
sing myeloid cells are abundantly infiltrated into the tumor
microenvironments.

Accumulating evidences have revealed that the receptor-
mediated uptake of apoptotic cells modulates multiple signaling
cascades, such as those regulating cytoskeletal organization,
energy, and immune homeostasis (Nagata et al., 2610). Although
LC3-associated phagocytosis is frequently observed upon
recognition of apoptotic cells, it remains largely unknown
whether the recognition of apoptotic cells by some phagocytic
receptors directly induce autophagic vesicle formation and
activation of conventional autophagy. Contrary to the role of
autophagy as a critical defense system to prevent microbes
from evading phagosomal degradation (Levins st al,, 2011), we
demonstrate that autophagic degradation of ingested tumor
cells might cause a detrimental effect on antitumor immunity
by abolishing immunogenic antigens available for stimulating
tumor-specific CTLs. Thus, temporal and spatial cooperation
of phagocytosis and autophagy-mediated overdegradation of
tumor antigens might constitute a critical determinant for tumor
evasion from immunosurveillance after cytotoxic chemotherapy.
Consistent with this notion, we have demonstrated here that
blockade of the TIM-4-AMPKa1-autophagy pathway signifi-
cantly augmented the antitumor effects of chemotherapy in
CTL-dependent manner.

Although AMPK serves as an energy checkpoint in cellular
metabolism and homeostasis, recent studies unveiled the role
of AMPK in regulation immune functions of various lymphocyte
subsets, including differentiation of memory CD8* T cells and
tolerance induction by APCs (O'Neilt and Hardie, 2013). In this
study, we provided evidence that AMPKa1 mediates immune
tolerance with TIM-4 in LAMPK1* phagosome upon ingestion
of apoptotic cells, which leads to ULK1 phosphorylation and
autophagy activation.

Although AMPK activator such as antidiabetic drug metformin
plays an essential role in reprogramming metabolic profiles in
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cancer cells, it is emerging as a new therapeutic option for ma-
lignant diseases (Galiagher and LeRoith, 2011; Faubert st al,
2013). In marked contrast, our findings revealed that TAMs
impede anticancer effects of cytotoxic chemotherapy through
TIM-4-AMPKa1 pathway in myeloid cells. Thus, it is critical to
clarify the optimal conditions in which particular types of anti-
cancer drugs should be combined with AMPK activator to avoid
TIM-4-mediated immune tolerance. In addition, AMPK activator
might have an additional role to control autoimmunity such as
diabetes by suppressing immunogenic antigen presentation
when TIM-4 on myeloid cells recognizes apoptotic cells.
Together, these multifaceted properties of AMPK highlight the
need for a more deep understanding of how AMPK regulates
tumor environments, which will be essential to develop drugs
targeting AMPK-related signals to optimize their therapeutic
potential to inflammatory disorders such as cancer, autoimmu-
nity, and chronic infection.

Different subsets of macrophages are characterized by
phenotypic diversity, anatomical location, and their functions
(Gelssmann of al., 2010). We show here the distinct properties
of myeloid cells from peritoneal cavity, bone marrow, and tumor
tissues in the context of TIM-4-mediated regulation of phagocy-
tosis and antigen presentation. These differences relied mainly
upon the differential potential of AMPKa1 activities in each
macrophage subset by specific environmental stress, because
TiIM-4 was preferentially interacted with AMPKa1 in TAMs than
peritoneal macrophages after engulfment of dying tumor cells.
These findings revealed that a different threshold of particular
molecular signals in the macrophage subsets might serve as a
determinant factor to control quality and intensity of local im-
mune responses when encountered with potential immunogenic
materials.

In summary, our present study has revealed a mechanism for
the tolerogenic property of apoptotic cells through TIM-4-medi-
ated activation of AMPKa1 in phagocytic APCs, which compro-
mised the immunogenic antitumor effects of chemotherapy.
Thus, targeting of the TIM-4-AMPKa1 pathway would be also
effective to augment antitumor immune responses after general
cytotoxic cancer therapies such as radiation, immunotoxins, and
adaptive transfer of CTLs. In addition, the TIM-4-AMPKa1
pathway might also be involved in the maintenance of peripheral
immune tolerance and the pathogenesis of autoimmune dis-
eases. Further studies are needed to address these possibilities.

EXPERIMENTAL PROCEDURES

TiM-4 Expression on Myeloid Celis

TIM-4 expression on macrophages prepared from tumors or normal tissues of
tumor-bearing mice was analyzed by flow cytometry with a mAb against
mouse TIM-4 (RMT4-53). in tumor tissues obtained from cancer patients,
the TIM-4 levels on macrophages or DCs were also examined by flow cytom-
etry with an anti-human TIM-4 mAb.

in Vitro Cross-Priming Assay

TIM-4* WT or Timd4~~ cells were cocultured with chemotherapy-treated
tumor cells for 4 hr, and then the cells were subjected to antigen presentation
analysis by quantifying OVA peptide (SHNFEKL)-H2Kb complex on the cell sur-
face with 25-D1.16 mAb. For some instances, the cells were pretreated with
various inhibitors or activators (see & rental Procedures)
for 4 hr before loading with the tumor cells. Intracellular IFN-y expression in
TCR-VB5* OT-! cells was determined by flow cytometry.
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in Vive Tumor Studies

WT, LysM-Atg5™"~ Atg5"/1o% | ysM-Prkaa1™'~, or Prkaa1™/"®* mice were
injected subcutaneously with 1 x 10° live tumor cells. Chemotherapeutics
(see Su Expert xt Procacdires) were administered i.p. to the
mice on days 8, 10, and 12 in the presence of anti-TIM-4 mAb or isotype-
matched control Ig. Tumor growth was measured on the indicated days.

TiM-4-AMPKa1 Interaction

The interaction between TIM-4 and AMPKua1 in macrophages loaded with
chemotherapy-treated tumor cells was evaluated by 1mmunoprec:p|tat|on
and immunofluorescence microscopy (see PR

3).

Statistics

The differences between two groups were determined by the Student’s t test
or the two-sample t test with Welch’s correction. The differences among three
or more groups were determined by a one-way ANOVA. p values less than 0.05
are considered statistically significant. * p < 0.05, ns: not significant.

SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and Supplemental Experimental

Procedures and can be found with this article online at hityp /e dotong/ 10,
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The impact of the TIM gene family on tumor immunity and
immunosuppression

Muhammad Baghdadi1 and Masahisa Jinushi?

Tumor immunoevasion is an advanced phase of cancer immunosurveillance in which tumor cells acquire the ability to
circumvent host immune systems and exploit protumorigenic inflammation. T-cell immunoglobulin mucin (TIM) gene
family members have emerged as critical checkpoint proteins that regulate multiple immune response phases and
maintain immune homeostasis. Accumulating evidence demonstrates that tumor cells exploit TIM gene family members
to evade immunosurveillance, whereas TIM gene family members facilitate the prevention of inflammation-related tumor
progression. Thus, a comprehensive analysis to clarify the relative contributions of TIM gene family members in tumor
progression may elucidate immunosurveillance systems in cancer patients.
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INTRODUCTION

The interaction between tumor cells and host immune cells
plays an important role in multiple stages of tumorigen-
esis, and recent clinical evidence suggests a potential con-
tribution of host immune responses in modulating the
clinical outcome of cancer pa‘cients.l’2 Moreover, mani-
pulation of the endogenous immune system has emerged
as an effective anticancer therapy in patients with advanced
cancer.>*

Interestingly, accumulating evidence has revealed that the
tumor microenvironment has a significant impact on the
functional properties of certain immunoregulatory compo-
nents that regulate whether host responses promote or anta-
gonize tumor growth. Tumor cells and tumor-infiltrating
lymphocytes adopt strategies to evade antitumor processes
and may enhance the metastatic potential through the
activation of chronic inflammatory signals.>® Together,
these observations underscore the complexity of host
immune system regulatory pathways in the regulation of
tumorigenesis.

In this article, we describe the potential impact of the T-cell
immunoglobulin mucin (TIM) gene family in tumor immu-
nosurveillance and immunoevasion and the impact of different
tumor microenvironments on the therapeutic responses of
TIM-targeted therapies.

MECHANISMS OF TUMOR IMMUNOSURVEILLANCE
AND IMMUNOEVASION

Transformation is established by overcoming multiple intrinsic
and extrinsic tumor suppression mechanisms. Transformed
cells are detected intrinsically using checkpoint mechanisms
that survey genetic and epigenetic abnormalities such as onco-
gene-induced senescence, DNA damage responses or apopto-
tic/necrotic cell death programs.” Extrinsic tumor surveillance
systems detect transformed cells by utilizing non-transformed
cells within tumor microenvironments. In particular, the
innate and adaptive immune systems play a critical role in
detecting and eliminating transformed cells by activating mul-
tiple sets of myeloid cells and lymphocytes.” Interestingly,
tumor-infiltrating immune cells also contribute to tumor pro-
gression by triggering tumor angiogenesis and immune sup-
pression.* "% These findings suggest that the host immune
system contributes to tumor initiation and progression in a
contradictory manner.

Although the mechanisms that regulate tumor immune res-
ponses require further clarification, the recent concept of ‘can-
cer immunoediting’ might explain the differential temporal
and spatial dynamism of tumor immunosurveillance and
immunoevasion, as evidenced by the antitumorigenic and pro-
tumorigenic host immune responses during different phases of
tumorigenesis. Classically, cancer immunoediting has been
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divided into three phases: elimination, equilibrium and escape.
In the elimination phase, innate and adaptive lymphocytes
detect the presence of transformed cells and remove them.
However, tumor immunosurveillance selectively eliminates
highly immunogenic transformed cells, while poorly immuno-
genic cells survive and enter into the equilibrium phase. The
interaction between surviving tumor variants and immune
cells creates a homeostasis in which low-level malignant and/
or quiescent tumor cells coexist with lymphocytes. After along-
term equilibrium between tumor cells and lymphocytes, addi-
tional genetic and epigenetic alterations allow tumor cells to
evade tumor immunosurveillance. During this immunoeva-
sion phase, tumor cells not only circumvent antitumor
immunity, but also promote tumorigenic activities through
multiple tumor-intrinsic and extrinsic machineries.®'®"!
These immunoevasion mechanisms elicited by the tumor
microenvironment include the secretion of immunosuppres-
sive cytokines, the emergence of tumor antigen-loss variants
and the subversion of antigen-specific CTL responses by
immunosuppressive antigen-presenting cells (APCs).'>™¢

Moreover, the tumor microenvironment adopts multiple
strategies to subvert tumor immunosurveillance by recruiting
immunosuppressive myeloid cells, such as IDO ™ dendritic cells
(DCs), B7-1" macrophages, angiogenic DCs and Foxp3™ re-
gulatory T cells (Tregs), which severely compromise endogen-
ous immunogenicity and impair therapeutic responses to
immunotherapy.'”** More importantly, tumor cells exploit
host immunity to create intimal networks among tumor cells,
stromal cells and endothelial cells and to promote pro-tumori-
genic inflammation-associated carcinogenic responses such as
angiogenesis and epithelial-mesenchymal ~transitions.*>*!
Tumor immunoevasion has multiple impacts on tumorigen-
esis by triggering tolerogenic responses to tumor cells and by
exploiting pro-tumor inflammation.

THE ROLE OF TIM MOLECULES IN THE REGULATION OF
IMMUNE HOMEOSTASIS

TIM proteins are type-I cell-surface glycoproteins composed of
a signal peptide, an extracellular IgV domain, a mucin-like
domain, a transmembrane domain, and an intracellular cyto-
plasmic tail. All members share a conserved sequence homo-
logy in the IgV domains, while other domains demonstrate
poor homology (Figure 1). Under healthy conditions, the
TIM family is largely confined to restricted sets of lymphoid
and myeloid lineage cells and kidney epithelial cells. However,
the induction of TIM gene family members is frequently
observed on cell types such as stromal cells, endothelial cells
and transformed cells in chronic viral infections and cancer,
implying that TIM proteins play a critical role in the regulation
of these pathological conditions.**?*

Moreover, the TIM gene family has multiple roles in the
regulation of immune activation and tolerance, which may
have a large impact on the clinical consequences of sterile
inflammation, antimicrobial defense and antitumor immune
responses.***> For example, continuous blockade of TIM-3
causes autoimmune nephritis in immune competent animals,
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and TIM-3 triggers antimicrobial immunity by interacting
with galectin-9°° and impedes innate antitumor responses.”*®
Moreover, TIM-1 promotes pro-inflammatory responses that
may be associated with aggressive graft-versus-host disease.*®
Thus, these findings raise the possibility that TIM family mem-
bers serve as critical checkpoints to regulate immune home-
ostasis and inflammation. More importantly, accumulating
evidence has unveiled the critical roles of TIM family members
in the regulation of antitumor immunosurveillance. Thus, we
will provide an overview of TIM-mediated regulation of tumor
immunity and perspectives on the potential of TIM family
members for tumor immunosurveillance and immunoevasion.

THE ROLE OF TIM MOLECULES IN THE IMMUNE
REGULATION OF TUMORS
TIM-1
TIM-1 is mainly expressed on T cells and kidney epithelial
cells**?* Several lines of evidence suggest a dual role for
TIM-1 in the regulation of T cell-mediated immunity. TIM-1
may act as a costimulatory molecule for T-cell activation ***' or
transduce a negative signal that leads to the inhibition of T-cell
effector function.’ Several studies have reported multiple roles
for TIM-1 in creating immunostimulatory or immunosuppres-
sive environments. For example, treatment with anti-TIM-1
antibodies in the effector phase impedes the development of
inflammation, while treatment during the priming phase results
in a break in immune tolerance.”’~* In addition, TIM-1 on the
surface of macrophages acts as a phosphatidylserine receptor
that phagocytoses apoptotic cells.** Thus, it is highly likely that
TIM-1 play a role in the efficient clearance of apoptotic cells and
the maintenance of tumor microenvironment homeostasis.
The molecular mechanism of TIM-I-mediated immune
regulation has been recently demonstrated. In this study,
TIM-1 recycles from the cell surface to endosomes using cla-
thrin-dependent endocytosis pathways, and it suppresses the
expression of the orphan nuclear receptor NUR77 through
lysosomal degradation pathways, thus protecting kidney epithe-
lial cells from NUR77-mediated apoptotic death signals.”
NUR?77 also serves as a lineage-specific factor that promotes
monocyte differentiation from BM precursors.”® Additionally,
NUR?77 inhibits pro-inflammatory activities by myeloid cells in
murine atherosclerosis models.*” Thus, NUR77 may contribute
to the creation of tolerogenic microenvironments by generating
immunosuppressive myeloid cell lineages. It is tempting to
speculate that TIM-1 generates tolerogenic myeloid cells that
promote pro-inflaimmatory responses by interfering with
NUR77-dependent immunosuppressive programs (Figure 2).
TIM-1 has multiple functions in the regulation of tolerance
and immunity depending on the cell type and microenviron-
ment; it remains unclear whether the functional multiplicity of
TIM-1 could affect the direction and quality of antitumor
immunity and tumor-associated inflammation (Figure 3).

TIM-2
TIM-2 is preferentially expressed in differentiated Th2
cells.**** TIM-2 blockade results in T cell hyperproliferation
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Figure 1 The structure and main domains of TIM gene family members. The sequences (a) and schematic structures (b) are shown for each TIM
gene family member. TIM molecules are type-| cell-surface glycoproteins that comprise an extracellular 1gV domain, a mucin-like domain, a
transmembrane domain and an intracellular cytoplasmic tail. All TIM molecules have a conserved sequence homology in the 1gV domains, while
other domains show little similarity. The sequence data were generated using the PRALINE multiple sequence alignment function. TIM, T-cell
immunoglobulin mucin. )

Cellular & Molecular Immunology
- 418 -



